Helicobacter pylori is a spiral-shaped, microaerophilic, gramnegative microorganism which colonizes the human gastric mucus. H. pylori has been identified as the major cause of chronic active gastritis and peptic ulcer disease (11, 33) and is considered a risk factor for the development of gastric adenocarcinoma and mucosa-associated lymphoid tissue lymphoma (28, 31) .
Several factors associated with the pathogenesis of H. pylori have been characterized; these include flagella (14, 37) , urease (which probably enables H. pylori to survive in the acidic environment of the stomach) (10) , an adhesin binding to the Lewis b histo-blood group antigen (17) , and the vacuolating cytotoxin VacA (5) . Furthermore, a 40-kb pathogenicity island (PAI) named cag has been identified in a subset of strains (1, 9) . Based on the presence of the cag PAI, H. pylori isolates are subdivided into two types. Type I strains, containing the cag PAI, exhibit increased virulence, as they are predominantly associated with severe gastric disease; type II strains, lacking the cag PAI, are more frequently isolated from asymptomatic carriers. It has been demonstrated that some of the proteins encoded by the cag PAI trigger severe inflammatory responses of the host (9) . However, the precise function of the gene products of the cag PAI and their role in virulence remain to be elucidated.
Little information is available about the mechanisms by which H. pylori regulates the expression of its virulence factors during infection. It has been reported that the expression of cagA is increased by the exposure of H. pylori to pH 6, while the expression of ureA, encoding the urease A subunit, and picB, another gene from the cag PAI, is decreased under these conditions (18) . However, the molecular mechanisms of transcriptional regulation underlying these phenomena remain unclear.
Recently, it has been demonstrated that the groESL, hrcAgrpE-dnaK, and cbpA-hspR-orf operons encoding the major chaperones of H. pylori are negatively regulated by the transcriptional repressor protein HspR and that the expression of several components of the flagellar apparatus is controlled by the NtrC-like two-component response regulator protein FlgR interacting with the 54 -containing RNA polymerase (35, 36) . Two-component systems are widespread prokaryotic signal transduction devices which allow the regulation of cellular functions in response to changing environmental conditions (30) . Consequently, two-component systems are frequently involved in virulence gene regulation by bacterial pathogens. Usually they are composed of a sensor protein perceiving environmental stimuli via its N-terminal input domain and a cognate response regulator. In the presence of the appropriate stimulus, the sensor protein autophosphorylates at a highly conserved histidine residue in the transmitter domain. Subsequently, the phosphate group is transferred to an aspartic acid residue in the N-terminal receiver domain of the response regulator, resulting in a conformational change and the activation of its C-terminal output domain, which frequently has DNA binding capacity.
An analysis of the H. pylori genome sequence (38) revealed the presence of few regulatory genes, including four open reading frames (ORFs) with homologies to two-component sensor ORFs and six genes encoding response regulators. Based on structural and functional homologies, one sensorresponse regulator pair has been assigned to be the H. pylori CheA-CheY two-component system regulating chemotaxis (6, 38) , while the remaining two-component proteins probably are involved in transcriptional regulation. It has been speculated that the paucity of regulatory functions in H. pylori, which is reflected in the small number of two-component genes, compared to 29 and 32 ORFs encoding histidine kinases and response regulators, respectively, in Escherichia coli (26) , is a consequence of the tight adaptation of this pathogen to the restricted ecological niche of the human stomach and the lack of competition from other microorganisms.
In this study, we report the characterization of the H. pylori two-component systems putatively involved in transcriptional regulation by construction of isogenic mutants and by an analysis of the in vitro phosphorylation properties of the purified two-component proteins.
MATERIALS AND METHODS
Bacterial strains and growth conditions. H. pylori strains G27, G25, G46, G50, and CCUG17874 are clinical isolates and have been described previously (43) . When recovered from frozen stocks, the H. pylori strains were grown under microaerophilic conditions (Oxoid) on Columbia agar plates containing 5% horse blood, 0.2% cyclodextrin, and Dent's or Skirrow's antibiotic supplement at 37°C for 2 or 3 days. After passage on fresh plates, bacteria were cultured in a 5% CO 2 -95% air atmosphere at 37°C. When required, the blood agar plates were supplemented with kanamycin at a final concentration of 20 g/ml. The E. coli strains and plasmids used in this study are listed in Table 1 . E. coli strains were grown in Luria-Bertani broth. When necessary, antibiotics were added to the following final concentrations: ampicillin, 100 g/ml; and kanamycin, 25 g/ml.
General techniques. DNA manipulations, cloning procedures, and sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) were carried out according to standard procedures. PCR amplifications were performed with a Biomed Thermocycler 60 and Deep Vent DNA polymerase (New England Biolabs). All cloned PCR products were subjected to automated sequencing (Big Dye Kit; Perkin-Elmer) to ensure proper amplification. Site-directed mutagenesis was performed with a Chameleon Double-Stranded Site-Directed Mutagenesis Kit (Stratagene).
Construction of isogenic mutants with mutations in the H. pylori ORFs encoding two-component systems by allelic exchange mutagenesis. Transformation of H. pylori G27 was performed as described previously (6) . The plasmid constructs used for transformation are derivatives of pSL1180 which carry DNA fragments flanking on the H. pylori chromosome the ORF to be inactivated, as well as a Campylobacter coli kanamycin resistance cassette inserted between these fragments. The DNA fragments that were the target sites for homologous recombination were amplified by PCR from chromosomal DNA of H. pylori G27, After equilibration for 5 min in 120 mM Tris-HCl (pH 6.8)-2% SDS-2% ␤-mercaptoethanol-10% glycerol-0.0025% bromophenol blue, the tube gel was placed on top of an SDS-12% polyacrylamide gel (1 mm) together with a small agarose gel slice containing marker proteins (SDS-PAGE standard broad range; Bio-Rad) and then covered with a thin layer of agarose. Electrophoresis was carried out at a constant current of 24 mA/gel. Gels were further processed either by silver staining or staining with colloidal Coomassie blue. Analysis of protein spots by liquid chromatography (LC)-mass spectrometry was carried out as described previously (20) .
Construction of plasmids expressing H. pylori two-component sensor and regulator proteins fused to GST or His 6 affinity tags. DNA fragments encoding the transmitter domains of histidine kinases HP244 (aa 149 to 381), HP165 (aa 167 to 414), and HP1364 (aa 183 to 397) were amplified from chromosomal DNA of H. pylori G27, generating BamHI and EcoRI restriction sites at the 5Ј and 3Ј termini of the fragments. The fragments were ligated into BamHI/EcoRI-digested pGEX-3X vector DNA, creating in-frame fusions to the gene encoding glutathione S-transferase (GST). The resulting plasmids were named pGEX-244, pGEX-165, and pGEX-1364. pGEX-165(C13), encoding a C-terminally extended transmitter domain (aa 167 to 431; see frame c in Fig. 5A ), was constructed similarly by performing PCR on chromosomal DNA of H. pylori G46. pGEX-165(C9) was obtained by site-directed mutagenesis of a PCR fragment amplified from chromosomal DNA of H. pylori CCUG17874 and cloned into pBluescript SK [pSK-165(C11)]. The mutagenized fragment was subsequently ligated into the BamHI/EcoRI-digested pGEX-3X vector.
To construct plasmids pQE-166, pQE-1365, pQE-703, pQE-1021, and pQE-1043, DNA fragments encoding the response regulators HP166 (aa 3 to 225), HP1365 (aa 3 to 213), HP703 (aa 3 to 381), HP1021 (aa 3 to 298), and HP1043 (aa 3 to 223), respectively, were amplified; this process generated BamHI and PstI restriction sites at the 5Ј and 3Ј ends of the fragments to allow ligation into BamHI/PstI-cleaved pQE-30 vector DNA, creating an N-terminal His 6 tag. For response regulator HP1021, a DNA fragment encoding the receiver domain (aa 3 to 118) also was cloned into pQE30 to yield plasmid pQE1021R.
Expression and purification of fusion proteins. GST fusion proteins derived from the pGEX constructs were produced in E. coli DH5␣. Bacteria were grown in 1 liter of Luria-Bertani broth at 37°C to an optical density at 600 nm of 0.5. Protein expression was induced by the addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG), followed by further incubation for 3 h at 30°C. The cells were harvested, washed twice with 20 ml of FP buffer (50 mM Tris-HCl [pH 7.5], 50 mM KCl, 10% glycerol, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride [PMSF]), and frozen overnight at Ϫ20°C. The frozen bacterial pellet was resuspended in 10 ml of FP buffer, and the cells were disrupted in a French pressure cell. The lysate was cleared by centrifugation at 27,000 ϫ g. After dilution with the same volume of PBS and the addition of Triton X-100 to a final concentration of 1%, the supernatant was loaded onto a glutathione-Sepharose 4B column (Pharmacia; bed volume, 5 ml) equilibrated with PBS. The column was washed with 75 ml of PBS, and the fusion proteins were eluted in 25 ml of 50 mM Tris-HCl (pH 8.0)-10 mM glutathione. Fractions containing the purified proteins were pooled, dialyzed against dialysis buffer (50 mM Tris-HCl [pH 7.5], 50 mM KCl, 20% glycerol, 1 mM DTT, 1 mM PMSF), and frozen at Ϫ80°C.
The His 6 -tagged response regulator proteins derived from the various pQE constructs were overproduced in E. coli M15(pREP4) and purified with Ni 2ϩ -nitrilotriacetic acid-agarose essentially as described by Perraud et al. (32) . His 6 -HP1043 was purified from the cell lysate supernatant on an Ni 2ϩ -nitrilotriacetic acid-agarose column equilibrated with FP buffer.
In vitro phosphorylation assays. In vitro phosphorylation assays were carried out with a final volume of 25 l of reaction buffer (50 mM Tris-HCl [pH 7.5], 50 mM KCl, 10 mM MgCl 2 , 10 M [␥-
33 P]ATP [3,000 Ci/mmol]) containing histidine kinases and response regulators in equimolar concentrations (1 M). The phosphorylation reactions were carried out for 5 min at room temperature. After the addition of sample buffer (60 mM Tris-HCl [pH 6.8], 10% glycerol, 2% SDS, 5% ␤-mercaptoethanol, 0.05% bromophenol blue), the reaction mixtures were separated by SDS-PAGE. The gels were washed with 45% methanol-10% acetic acid and autoradiographed.
Computational analysis. Homology comparisons were performed using version 8 of the software package of the Genetics Computer Group. The prediction of transmembrane domains was performed using the DAS program of the protein prediction server of the University of Stockholm (www.biokemi.su.se/-server /DAS/tmdas.cgi) and the Prosite program of the ExPasy proteomics tools package (www.expasy.ch/tools/#pattern).
RESULTS
Characteristics of the H. pylori two-component proteins, as deduced from the genome sequence of H. pylori 26695. HP1364 and HP165 are orthodox histidine kinases of 397 and 414 aa, respectively; both belong to the IIIA class of sensor proteins, according to the sequences flanking the highly conserved histidine residues in the transmitter domains (13) . Two short transmembrane segments are predicted in the N-terminal halves of both sensor proteins (aa 18 to 33 and aa 157 to 177 in HP1364; aa 8 to 22 and aa 134 to 153 in HP165), suggesting that histidine kinases HP1364 and HP165 are attached to the cytoplasmic membrane, with their input domains being located in the periplasm. It should be noted that in the genome sequence of H. pylori 26695, the coding information for histidine kinase HP165 is annotated as two split ORFs (designated ORF HP165/164); this characteristic is likely to be due to a sequencing error, as the corresponding ORF is continuous in the genome of H. pylori J99 (2). Sensor protein HP244, belonging to histidine kinase subclass IIIB (13) , with similarity to E. coli NtrB, is predicted to be a cytoplasmic protein of 381 aa. The regulator proteins HP1365, HP166, and HP1043 are grouped into the OmpR family of response regulators, according to sequence similarities in their output domains (Fig. 1) , while HP703 is an NtrC-like protein. HP1021 is a response regulator protein of 298 aa which does not show significant sequence similarity with any other two-component regulator protein in its output domain. Surprisingly, the receiver domains of the response regulator proteins HP1043 and HP1021 show severe deviations from the consensus sequence. As shown in Fig. 2 , the highly conserved aspartic acid residue corresponding to position 13 in the sequence of CheY from E. coli is replaced by lysine in the receiver domain of HP1043, while the phosphateaccepting aspartic acid residue (D57 in CheY) is shifted by one position compared to the consensus sequence. In HP1021, the phosphate-accepting aspartic acid residue is replaced by serine. Therefore, it seems questionable whether these proteins require phosphorylation to exert their function.
ORFs encoding two-component response regulator proteins HP166, HP1021, and HP1043 are essential genes. According to the genome sequence of the H. pylori strain 26695 (38) , two pairs of response regulators and histidine kinases, HP1365-HP1364 and HP166-HP165, are encoded by adjacent pairs of ORFs with the same orientation of transcription, suggesting that the corresponding proteins are cognate phosphorylation partners. The remaining ORFs, encoding histidine kinase HP244 and response regulators HP703 and HP1021, belong to different operons, while the ORF encoding response regulator protein HP1043 is predicted to be transcribed as a monocistronic mRNA.
In an attempt to generate isogenic H. pylori mutants harboring gene disruptions in the two-component protein ORFs, allelic exchange mutagenesis was performed on H. pylori strain G27 by transformation with plasmid constructs carrying a kanamycin resistance cassette flanked by H. pylori-specific sequences (Table 1) . Colonies exhibiting normal growth on blood agar plates were obtained after transformation with plasmids generating knockout mutations in the ORFs for HP244, HP165, HP1364, and HP1365. The correct replacement of these ORFs by the kanamycin resistance cassette was confirmed by PCR experiments performed on chromosomal DNA with oligonucleotide primer pairs flanking the insertion site (data not shown). The construction of a derivative of H. pylori G27 with a gene disruption of the ORF for HP703, named G27[flgR Ϫ ], has been reported previously (35) . Surprisingly, in several attempts, no transformants were obtained when plasmids generating knockout mutations in ORFs for HP166 and HP1043 were used, while transformation with plasmid pSL-1021::km yielded very small colonies which could not be further passaged. The failure to construct knockout mutations in ORFs for HP166, HP1043, and HP1021 cannot be due to polar effects on downstream ORFs, as HP1021 is the last gene of its operon, HP1043 is transcribed monocistronically, and the construct used to disrupt HP166 carries the kanamycin resistance cassette in the same orientation as the construct successfully used to replace ORF HP165/164, located immediately downstream of the ORF for HP166. Therefore, we conclude that the response regulator proteins HP166, HP1043, and HP1021 provide essential functions for cell growth under in vitro conditions.
Analysis of the protein expression patterns of the mutant H. pylori strains with disruptions of the ORFs for HP244, HP165, HP1364, HP1365, and HP703 by 2D SDS gel electrophoresis. In order to identify putative target genes of the H. pylori two-component systems, whole-cell lysates of the regulatory mutants G27/HP244::km, G27/HP165::km, G27/HP1364::km, G27/HP1365::km, and G27[flgR Ϫ ] were prepared, and proteins were separated by 2D gel electrophoresis using a pH gradient ranging from pH 4 to pH 8 for isoelectric focusing. For mutants G27/HP165::km, G27/HP1364::km, and G27/ HP1365::km, the protein expression patterns revealed no obvious differences from the 2D protein map of the wild-type strain G27 (data not shown). However, in the 2D protein maps of G27/HP244::km and G27[flgR Ϫ ], the same three protein spots were missing; these were identified by LC-mass spectrometry as the flagellin subunits FlaA and FlaB and the flagel- lar hook protein FlgE (Fig. 3) . These data suggest that sensor protein HP244 is the cognate histidine kinase that phosphorylates response regulator HP703, named FlgR, which was previously shown to regulate the expression of several components of the H. pylori flagellar apparatus (35) .
HP244-HP703 and HP165-HP166 are cognate histidine kinase-response regulator pairs. To identify cognate phosphorylation partners, the in vitro phosphorylation properties of the H. pylori two-component proteins were investigated. As deletion of the input domain generally results in a constitutively active histidine kinase in vitro, the transmitter domains of the orthodox sensor proteins HP244, HP165, and HP1364 were fused to GST, yielding fusion proteins of 52, 53, and 50 kDa, respectively. These proteins were then purified by affinity chromatography. The response regulators were overexpressed and purified as N-terminal His 6 fusions (His 6 -HP166, 25 kDa; His 6 -HP1365, 24 kDa; His 6 -HP703, 42.5 kDa; His 6 -HP1034, 25 kDa; His 6 -HP1021, 33 kDa). As His 6 -HP1021 was completely insoluble, the receiver domain of HP1021 (aa 3 to 118) was separately expressed as an N-terminal His 6 fusion, yielding a soluble protein of 13 kDa which was further analyzed in place of the full-length response regulator. It has been shown previously that the separated receiver domain derived from a response regulator harbors the catalytic activity required for the phosphotransfer reaction with its cognate histidine kinase (19) . Incubation with [␥- 33 P]ATP resulted in the autophosphorylation of histidine kinases GST-HP244 and GST-HP165 (data not shown; see also Fig. 5C) . Surprisingly, GST-HP1364 did not show histidine kinase activity, as no autophosphorylation of that fusion protein could be detected, irrespective of the pH of the reaction buffer (ranging from pH 6.0 to 9.0) or the presence of divalent cations other than Mg 2ϩ (data not shown). When combined with one of the five purified response regulators in individual phosphorylation reactions, the histidine kinases GST-HP244 and GST-HP165 were able to transfer the phosphate group exclusively to a single response regulator, i.e., His 6 -HP703 for GST-HP244 and His 6 -HP166 for GST-HP165; these results demonstrate that HP244-HP703 and HP165-HP166 constitute two-component systems and show the high specificity of these sensor proteins for their cognate phosphorylation partners (Fig. 4) . It should be noted that none of the response regulator proteins is phosphorylated in the presence of [␥- 33 P]ATP alone (data not shown). Sensor protein HP165 is subject to sequence variation, which does not affect its kinase activity in vitro. ORF HP165/ 164 of H. pylori 26695, encoding histidine kinase HP165, harbors a stretch of 14 C nucleotides close to its 3Ј end; this stretch is also present in the corresponding gene of H. pylori G27. In 1999, Alm et al. (2) reported the complete genomic sequence of the unrelated H. pylori isolate J99 and observed that ORF JHP151, encoding the histidine kinase corresponding to HP165, contains a stretch of only nine C nucleotides, generating a frameshift which results in a sensor protein with 21 additional C-terminal amino acids (Fig. 5A) . Therefore, these authors suggested that the different reading frames might represent the on or off status of the protein, which is regulated by slipped-strand mispairing. To test this hypothesis, the 3Ј half of the histidine kinase gene encoding the transmitter domain was PCR amplified from chromosomal DNAs of the H. pylori strains CCUG17874, G46, G50, and G25. Sequencing of the cloned PCR fragments revealed the presence of a stretch of 11 C nucleotides in the histidine kinase gene in CCUG17874, 13 C nucleotides in G46 and G25, and 14 C nucleotides in G50, confirming the variability of the poly(C) tract and suggesting the expression of C-terminal variants of the corresponding two-component sensor proteins. To test whether histidine kinase activity is affected in the variant sensor proteins, the PCR fragment obtained from H. pylori G46 was cloned into the expression vector pGEX-3X, and the resulting fusion protein, GST-HP165(C13), was purified. As the ORF present in H. pylori J99 was not represented in the different H. pylori strains analyzed here, the corresponding histidine kinase gene fragment was constructed by site-directed mutagenesis of the cloned PCR product derived from H. pylori CCUG17874 and subsequently cloned into pGEX-3X to yield fusion protein GST-HP165(C9). As shown in Fig. 5 , incubation with [␥- 33 P] ATP either alone or in combination with the cognate response regulator His 6 -HP166 resulted in similar autophosphorylation of the fusion proteins derived from the three different ORFs as well as transfer of phosphate to the response . Whole-cell lysates of H. pylori were prepared as described in Materials and Methods, and 100 g of protein extract was loaded onto the isoelectric focusing gels over a pH range from pH 4 to pH 8. The protein spots missing in the 2D maps of the mutants are indicated by arrows and were identified by LC-mass spectrometry. The positions of molecular weight (MW) standards (in thousands) are given on the right.
regulator. Therefore, we conclude that the C-terminal protein sequence does not interfere with the histidine kinase activity of the transmitter domain or with the phosphotransfer reaction with the cognate response regulator.
DISCUSSION
Bacterial two-component systems control a variety of physiological processes in response to certain environmental conditions. H. pylori harbors a remarkably small number of these signal transduction systems, i.e., four histidine kinases with their cognate response regulators, including the regulatory system for chemotaxis (CheA and CheY), as well as two orphan response regulators. This classification of the H. pylori twocomponent proteins as cognate sensor-response regulator pairs is based on convincing sequence similarities to well-known systems (HP392, CheA/HP1067, CheY), the tandem organization of the corresponding genes (HP1365-HP1364), or the direct analysis of phosphotransfer reactions between purified proteins (HP244-HP703 and HP165-HP166) .
Surprisingly, the genes encoding response regulators HP166, HP1043, and HP1021 could not be inactivated by the insertion of a kanamycin resistance cassette, indicating that the corresponding regulator proteins exert some function which is essential for cell viability. Few essential two-component systems have been described so far; they include a multicomponent signal transduction pathway in the dimorphic bacterium Cau- lobacter crescentus, required for cell cycle regulation (34, 42) , and the yycFG system in Bacillus subtilis and Staphylococcus aureus. The cellular processes regulated by these latter systems remain unknown (12, 22) .
The regulator proteins HP1043 and HP1021 are unique with respect to the sequences of their receiver domains (Fig. 2) . In HP1043, the conserved aspartic acid residue corresponding to position 13 in the consensus sequence is substituted by lysine. Two other response regulators have been described to harbor the Asp133Lys mutation, i.e., FrzG from Myxococcus xanthus, which is homologous to the E. coli CheB protein (24) , and FlbD from C. crescentus, an NtrC-like molecule which is involved in flagellar gene expression (41) . However, both FrzG and FlbD contain additional mutations at conserved sites in the receiver domains, i.e., glycine in place of the conserved threonine or serine residue at position 87 in the consensus sequence and leucine in place of the highly conserved lysine residue at position 109; in HP1043, both positions correspond perfectly to the consensus sequence.
For the chemotaxis response regulator CheY of E. coli, an Asp133Lys mutation renders the protein active in vivo irrespective of the presence or absence of the cognate histidine kinase CheA (8) . Therefore, it was speculated that a CheY molecule harboring this mutation can adopt an active conformation in the absence of phosphorylation. In accordance with this hypothesis, it has been shown that FlbD can activate the transcription of its target promoters in the nonphosphorylated state in vitro (7). However, a cognate histidine kinase, FlbE, which is able to phosphorylate FlbD and which is responsible for the temporal and spatial regulation of FlbD-dependent genes was identified (40) . At the moment, we cannot rule out the possibility that histidine kinase HP1364, belonging to the IIIA class of sensor proteins, which interact with OmpR-like response regulators, acts as a phosphor donor for HP1043, as the phosphorylation properties of this histidine kinase could not be investigated directly.
The essential protein HP1021, to our knowledge, is the first response regulator with a serine residue substituted for the phosphate-accepting aspartic acid residue (position 57 in the consensus sequence). Recently, it was reported that an Asp573Asn mutant of E. coli CheY can use Ser56 as an alternative phosphorylation site (4) . Although the rate of phosphotransfer is much lower than that in the wild-type CheY protein, this finding demonstrates that a two-component histidine kinase providing a high-energy phosphoramidate can serve as a phosphate source to generate serine phosphate in the response regulator. Another prokaryotic protein exhibiting serine protein kinase activity is the anti-sigma factor SpoIIAB of B. subtilis, which shows some homology to histidine kinases. This protein contains subdomains N, G1, F, and G2 of the transmitter domain, lacks the H domain (harboring the phosphorylated histidine residue), and catalyzes the phosphorylation of the anti-anti-sigma factor SpoIIAA on a serine residue (25) . However, SpoIIAA does not bear any homology to twocomponent response regulator proteins. It should be noted that the recently published genome sequence of the related pathogen Campylobacter jejuni (Sanger Centre) encodes orphan response regulators exhibiting 72 and 54% similarities to HP1043 and HP1021, respectively. While the ortholog of HP1021 also contains a serine residue in place of the phosphate-accepting aspartic acid residue, the protein homologous to HP1043 corresponds perfectly to the receiver consensus sequence.
Although deletion of the input domain generally results in the constitutive active phenotype of a histidine kinase in vitro, fusion protein GST-HP1364 did not autophosphorylate under the applied experimental conditions. In HP1364, the phosphorylated histidine residue is located at a distance of only 22 aa from the predicted second membrane-spanning segment confining the putative input domain, indicating the presence of a very short linker region. Therefore, it is conceivable that the lack of autophosphorylation of GST-HP1364 is not due to the indispensability of the input domain but to a misfolding of the transmitter domain as a consequence of the choice of an improper fusion to GST. However, this notion could not be tested experimentally, as fusion proteins harboring C-terminal parts of the input domain including the putative transmembrane segment could not be overexpressed in E. coli (data not shown). Although the phosphotransfer reactions of HP1364 could not be analyzed directly, considering the tandem organization of the ORFs for HP1365 and HP1364 and the fact that HP1365 could not be phosphorylated by the other histidine kinases, we suppose that HP1364 is the cognate histidine kinase that phosphorylates the response regulator HP1365. For histidine kinases HP244 and HP165, it could be demonstrated that these proteins exclusively phosphorylate their cognate response regulators, i.e., HP703 and HP166, respectively (Fig. 4) .
A comparison of the 2D protein expression patterns of regulatory H. pylori mutants with the wild-type 2D map is a suitable approach for the identification of regulated target genes but is hampered by several technical limitations: (i) proteins which are not abundant in the cell cannot easily be detected by this technique, and (ii) regulated proteins with a pI beyond pH 4 to 8 are beyond the resolution capacity of the isoelectric focusing gels. Furthermore, it must be considered that in vitro growth conditions may not provide the environmental stimuli necessary for the activation of the sensor proteins under investigation.
So far, regulated target genes could be identified only for the HP244-HP703 two-component system. It has been reported previously that HP703, named FlgR, by its interaction with the 54 -containing RNA polymerase, positively regulates the expression of several components of the flagellar apparatus (35) . This report has been confirmed by an analysis of the protein expression patterns of the H. pylori mutants G27/ HP244::km and G27[flgR Ϫ ], which demonstrated the lack of expression of flagellins FlaA and FlaB and the flagellar hook protein FlgE in these mutants (Fig. 3) . Although the expression of the flaA gene is derepressed in an flgR mutant at the transcriptional level (35) , the FlaA protein cannot be detected in this mutant, suggesting the rapid degradation of FlaA when the other components of the flagella are not produced. It should be noted that the gene encoding histidine kinase HP244 is cotranscribed with flgI, encoding a component of the flagellar basal body; however, this operon is not preceded by a 54 -dependent promoter, arguing against an autoregulatory mechanism in the expression of HP244. As HP244 is supposed to be a cytoplasmic protein, it is tempting to speculate that additional sensory transmembrane proteins interacting with HP244 might be involved in signal perception. It will be interesting to identify the signals triggering flagellar gene expression, as motility is considered essential for H. pylori virulence.
Due to a stretch of C nucleotides of variable lengths, histidine kinase HP165 is expressed with various C-terminal sequences in different H. pylori strains (Fig. 5A) . Introduction of translational frameshifts due to changes in the lengths of such polynucleotide tracts, generating inactive truncated gene products, and restoration of the reading frames and the activities of the gene products in subsequent cycles of replication represent a mechanism well known as a cause of phase variation in pathogenic bacteria. Recently, phase variation affecting the structure of lipopolysaccharide due to the changing lengths of a poly(C) tract in the ␣3-fucosyltransferase genes has also been demonstrated to occur in H. pylori (3) . However, in histidine kinase HP165, only the C terminus of the protein is affected by a frameshift due to the variable lengths of the poly(C) tract in the corresponding gene; in vitro phosphorylation experiments have demonstrated that neither the kinase activity of HP165 nor its ability to serve as the phosphate donor for response regulator HP166 is altered by the different C-terminal sequences (Fig. 5C ). If HP165 also harbors phosphatase activity for the phosphorylated form of its cognate response regulator, which is frequently the case for two-component sensor proteins, then that activity also should be unaffected in the three different gene products of ORF HP165/164, as the ratio of phosphorylated histidine kinase to response regulator remains unchanged in all cases (Fig. 5C ). We cannot rule out the possibility that in vivo, the C-terminal part of HP165 interacts with the linker sequence connecting the input and transmitter domains and thereby interferes negatively with the signal transduction process, causing an altered phenotype of the sequence variants as a consequence of the lack of regulation of target genes. An example of phase variation affecting a twocomponent histidine kinase is provided by the BvgS protein, which regulates virulence gene expression in Bordetella spp. However, in this case, inactivation of the protein is an irreversible process due to the spontaneous occurrence of small deletions in the coding sequence (27) .
